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Battery versus hybrid power sources performance is examined in the manuscript. Passive, semi-active and 
fully active battery—ultracapacitor hybrids show obvious superiority over battery only powered pulsed 
current loads. Passive hybrid is the most simple and cheap arrangement, however its uncontrolled nature 
results in several drawbacks during the operation. On the other hand, the fully active hybrids achieve 
superior performance at the expense of two DC-DC converters and the corresponding control circuitry. 
The trade off between the topologies is the semi-active hybrid, employing only one DC-DC converter and 
attaining acompromising performance. The thorough characterization of each topology and sub-topology 
is presented in the manuscript and design methodology is derived for a particular case of pulsed current 
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1. Introduction 


The majority of portable electronic devices, as well as telecom- 
munication systems and electric and hybrid vehicles possess 
common load profile characteristics, described by relatively high 
peak-to-average power requirements. Such loads can be closely 
represented by pulsed consumption profiles with constant current 
load characteristics. In order to satisfy the requirements of such a 
load, a high power high energy density source is essential. Mod- 
ern batteries may possess either of the characteristics, but not both 
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[1,2]. Lithium-ion batteries, which are by far the most power and 
energy dense among modern batteries, are commonly used in such 
applications. However, the power/energy trade-offs often result 
in a non-optimal battery back, providing the required amount of 
energy while overpowered and vice versa. One of the feasible solu- 
tions is hybridization of high-energy batteries with ultracapacitors 
[3]. The rapid-developing ultracapacitor technology allows achiev- 
ing power density of several thousands Wkg~! at reasonable cost. 
Some Li-ion polymer batteries reach the same power density, but 
at much higher prices [4,5]. In addition, the charge/discharge effi- 
ciency of the ultracapacitor is much higher than of any battery, 
resulting in reduced system losses, which in addition to higher effi- 
ciency, contributes to a prolonged power system life as a result of 
lower operating temperature. 
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The manuscript presents three different types of 
battery-ultracapacitor hybrids: passive, semi-active and fully 
active topologies. In the passive topology, the battery and ultraca- 
pacitor banks are connected in parallel and directly coupled to the 
load. The semi-active topology enhances the performance of the 
passive hybrid at the price of an additional DC-DC converter and 
control circuitry. Three different ways of creating a semi-active 
hybrid are considered and the design trade-offs are presented. The 
fully active hybrid brings the system to an ultimate performance 
by employing two DC-DC converters, and as a result, the control 
complexity is increased. There are three topologies of fully active 
hybrids, each resulting in similar performance, but the designs of 
the converters and the choice of the battery and the ultracapacitor 
banks are different. 

The paper is organized as follows. Section 2 describes the char- 
acteristics and main requirements of a typical pulsed current load. 
The drawbacks of battery-only powering of such loads are illus- 
trated in Section 3. The three topologies of battery—ultracapacitor 
hybrids are elaborated in Section 4. The manuscript is concluded in 
Section 5. 


2. Typical pulsed current load 


In order to fully understand the requirements of a pulsed cur- 
rent load (Fig. 1), consider a consumption profile given in Fig. 2, 
which defines the current and charge load requirements. The con- 
sumption or current profile is the load current versus time i;(t) 
as seen from outside the load terminals. The consumption profile 
is characterized by a periodic rectangular pulse train, alternating 
between two current levels, iz mın and i; max with period T and duty 
cycle D, 


i(t) 


İL MAX 


İL, MIN 


i avel) 


Dir max + (l-D)it mN 


+ 


| QL vi) int) 


Fig. 1. A current load representation. 


N 
i(t) = inmnu(t)+ (ir max — inmin (u(t — kT) — u(t — DT — kT), 
k=0 
(1) 


where u(t) is a unit step function and N is the number of operation 
periods. Note that iz max > iLmın and iz mın Can be positive, zero or 
negative. In the latter case the load is called regenerating (assuming 
the load voltage remains positive). 

The instantaneous load current can be decomposed into two 
components, as shown in Fig. 3: steady (average) current and 
dynamic current with zero average, 


i (t) = ip ave(t) + iL pyn(t), (2) 
where 
i ft 
it ave(t) = + | ip(t)dt = Dit, max + (1 — D)it.min = ILave- (3) 
0 


When a single source is employed, it must supply both average 
and dynamic current components. In a hybrid energy source, the 
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Fig. 2. Pulsed current load consumption profile decomposition. 
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Fig. 3. Load voltage operating range. 


powertrain contains several sources/energy storages, some favor- 
ing steady state operation and hence supplying the average current 
ip ave(t); other are used to supply the dynamic current iz pyn(t). Note 
that the overall charge of the dynamic powertrain will theoretically 
be zero in a whole operating cycle. This implies that the energy 
source of the dynamic powertrain does not lose charge capacity at 
the end of the cycle. The charge demand of the load is given by 


NT 
Q = I iL(t)dt = Q ave + QL, DyN- (4) 
0 


However, since 


NT 
QL, DYN = f ir pyn(t)dt = 0, (5) 
0 


the load charge demand may be expressed as 


NT 
Qi = QL, AvE = | it ave(t)dt = (Dir max + (1 — D)ir, mın NT. (6) 
0 


According to Fig. 2, the maximum consumed/supplied dynamic 
load charge demand is given by 


DI T 
VOIN -{ i.omn(oae= | it, pyn(t)dt 
0 D 


T 
= D(1 — D)(it,max — it,max)JT. (7) 


Hence, the dynamic powertrain must have some capability of 
energy storage and be able to absorb/supply the amount of energy 
equal to v; - QMS% 

Power electronics, usually present in the input stage of a con- 
stant current load must typically operate within a predetermined 
range of voltages (Vzim,min tO Vy max) With a nominal voltage vi nom, 
as shown in Fig. 3. The maximum voltage is usually dictated by the 
rating of the devices, while the minimum voltage is dictated by the 
protection circuits of the converter in order to prevent underpow- 
ering of the load or power electronics malfunctioning. Hence the 
load voltage v,(t) must be kept between these limits in addition of 
some Safety bands (vr mın to Vi Max). 

To conclude, voltage, current and charge are the three main con- 
stant current load requirements, which must be instantaneously 
satisfied by the sources/storage units in order to ensure correct 
operation. 


3. Battery powered constant current loads 


A passive battery powered constant current load is shown in 
Fig. 4. This is perhaps the simplest and most common system. Since 
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Fig. 4. Passive battery powered system. 


the battery is the only source, it must instantaneously satisfy all 
three load requirements, presented in the previous section. 

As shown in Fig. 4, typical source and load units include so-called 
management systems. Battery management system (BMS) protects 
the battery pack from overcurrent, undervoltage and temperature 
failures, while the load management system (LMS) ensures that the 
three load requirements as well as temperature tolerance are not 
violated. 

In order to fulfill the voltage requirement, the battery pack volt- 
age must be matched to the voltage operating range of the load. 
The battery pack is usually chosen such that the fully charged open 
circuit voltage is less than or equal to v; max. However, it does not 
imply that the fully discharged battery pack voltage resides within 
the permissible load voltage operating range, shown in Fig. 3. A typ- 
ical battery may be closely represented by its Thevenin equivalent, 
where the Thevenin voltage vg is a function of the battery state of 
charge, state of health, temperature, age, altitude, humidity, etc. 
When the battery is fully charged, vg is maximal. While discharg- 
ing, the value of vg reduces. The internal resistance rg is also a non 
constant operation-dependent value. Hence the battery terminal 
voltage vgar = Ug — rpi; is dictated by the Thevenin parameters and 
the load current. It must therefore satisfy 


VL,MIN < VBAT < VL,MAX: (8) 


According to (8), the battery terminal voltage reaches its local 
minima/maxima when the pulsed load current level is at its 
high/low level i; maxli mın, respectively. The discharge process is 
demonstrated in Fig. 5 using a typical Li-ion battery discharge curve 
for a large T because of illustrative reasons. 

Battery discharge curves are represented by terminal voltage 
Vpar versus discharge capacity Q for different discharge current 
rates. Fig. 5 presents three battery discharge curves, characterizing 
a battery discharged at i; mın, ILave and i, max. Solid line represents 
the battery terminal voltage behavior when discharged at pulsed 
current load of (1). 
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Fig. 5. Battery discharge curves when connected to a pulsed current load. 
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One of the LMS responsibilities is disconnecting the load from 
the source when its terminal voltage reaches a predetermined 
minimum value v; yin. BMS possesses the same characteristic, dis- 
connecting the battery from the load when its terminal voltage 
reaches a predetermined minimum value VEK MIN in order to pre- 
vent possible damage of the battery caused by an overdischarge. 
However, this action turns problematic in many modern battery 
packs — an instantaneous terminal voltage drop caused by a high 
current spike is often interpreted by a BMS as a battery undervolt- 
age and is followed by an immediate battery disconnection, even 
though the battery still contains some amount of usable charge. 
This situation is shown in Fig. 5, where because of the fact, that 
the battery and the load voltages are the same, the lower voltage 
limit is determined by mi yN> vı,mın ). AS a result, compared 
to a discharge curve at constant current I; aye, the pulsed current 
discharge curve falls deeper at the periods of high load current and 
the system is shut down while AQ less battery charge is utilized. 
There is another reason of lower battery utilization in case of the 
pulsed current. Note, that the load current (1) may be represented 
by Fourier series because of its periodic nature as 


CO 
: 20 . 20 
i(t) = lave +) ln cos (nt + bn (in). (9) 
where the current harmonics magnitude is 
It n = TD(iL max — iL,MIN ) |sin c(nzD)| , (10) 
and @p is the current harmonics phase. The rms current, 
(11) 


is therefore higher than the average current, and the losses are 
higher than the losses caused by a constant current discharge at 


TL AVE» 


2 2 2 
Pross = Ptoss,pat = "elgar rms = "B(DI max + (1 — Di min) 


1 
rs | I ave + ee : (12) 
n 


To conclude, a pulsed current discharge causes an earlier bat- 
tery disconnection than a constant current discharge with the same 
average value because of higher losses and higher terminal voltage 
drop. 

Until now, it was assumed that the battery pack satisfies the 
load requirements. However, in order to satisfy the load voltage, 
current and charge requirements, the energy and power rating 
of the battery back must be properly selected. The main problem 
of the modern technology is the separation of batteries into high 
energy and high power types, according to the battery capacity and 
maximum allowed discharge rate [6-8]. 

To quantitatively illustrate the difference between the two bat- 
tery types, consider two Panasonic Li-ion cells: the high power 
NCR18650 and the high rate (power) CGR26650A, whose character- 
istics are summarized in Table 1. While the NCR18650 is allowed to 
discharge at maximum theoretical rate of 2 C, the CGR26650A dis- 
charge rate of 15 C is common. However the capacity of NCR18650 
is higher, while the weight and volume are lower. These trade-offs 
indicate the clear advantage of the high energy cell in terms of 
gravimetric (GED) and volumetric (VGD) energy densities versus 
its disadvantage in terms of gravimetric (GPD) and volumetric 
(VPD) power densities. Modern electric vehicles (e.g. RC aircraft 


Table 1 

High energy and high power cells comparison characteristics. 
Cell NCR18650 CGR26650A 
Type High energy High power 
Voltage (V) ew 3.6 
Capacity (mAh) 2900 2650 
Max. discharge rate 2C 15C 
Weight (kg) 0.0445 0.09 
Volume (1) 0.0177 0.0361 
GED (Whkg~!) 241 105 
VED (Wh I7!) 606 261 
GPD (W kg!) 482 1572 
VPD (WI!) 1212 3919 


and road electric vehicles) typically possess high power battery 
packs since the peak power demand is several times higher than 
the average demand and as a result their energy content and hence 
the driving range/mission duration is relatively low. In addition, 
cell capacity presented by battery manufacturers is usually indi- 
cated for a discharge rate of 0.2 C. The higher the discharge rate, 
the lower the actual cell energy capacity, as explained earlier in 
this section. Hence, high rate cells actual energy capacity is typ- 
ically significantly lower than the nominal capacity, indicated by 
the manufacturer. To conclude, in order to satisfy the peak current 
as well as the charge requirements of the load, the need for high 
power-high energy hybridization is evident. 

In addition, the battery pack voltage must match the permissible 
voltage range of the load. It is accomplished by connecting cells in 
series, leading to the increase of the internal resistance of the pack. 
The possible solution, allowing battery—load voltages mismatch is 
a so-called active connection, shown in Fig. 6. A DC-DC converter 
is inserted between the battery and the load. In order to simplify 
the discussion, the converter efficiency npcpc, is assumed to be 
constant and the converter is generalized according to Fig. 6 by 
neglecting the dynamics and using the voltage conversion rate K;(t) 
rather than an explicit duty cycle dependent conversion ratio [9], 


vy, = Ki (t)- vgar, 


ig = Ki(t): —"—. 
NDCDC,L 


(13) 


Converter-based connection allows keeping the load voltage 
constant despite the changing battery terminal voltage. Note that 
a full rating converter is required. If the battery terminal voltage 
is higher/lower than the load voltage, the converter operates in 
buck/boost mode, respectively. The losses of an active battery pow- 
ered system are expressed by 


K?(t) 
Pross = Pross,par = "B —> 
™DCDC,L 


1 
I ave H 5 a - (14) 
n 


Boost operation (K; > 1) allows connecting fewer cells in series 
to form a pack with a terminal voltage lower than the load voltage, 
reducing the pack size and internal resistance. However according 
to (13) and (14), in such a case the current flowing through the bat- 
tery pack is higher than the load current, causing more IŻR losses 
and requiring the cells to possess higher discharge rate capabil- 
ity. Buck operation (K; < 1) involves connecting more cells in series 


b in(?) NDCDCL 
> Ø- 
+ DC ~ 
va(t) oe vear(t) v(t) Gd) i(t) 
& Ø- 


Fig. 6. Active battery powered system. 
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Fig. 7. The Ragone Plot. 


than in passive connection to form a pack with terminal voltage 
higher than the load voltage, increasing the pack size and internal 
resistance. In addition, the voltage rating of the DC-DC converter 
input stage must be chosen according to the battery pack maximum 
voltage. Nonetheless, according to (13) and (14), in such a case the 
current flowing through the battery pack is lower than the load cur- 
rent, causing less IR losses and allowing the cells to possess lower 
discharge rate capability. 

From (14), the following may be concluded. The losses are 
formed by multiplication of the battery internal resistance by the 
sum of the squared average and dynamic current rms components. 
The charge is supplied to the load by the average current compo- 
nent and must be drawn from the battery as the high energy source. 
Hence, the losses caused by the average current component cannot 
be avoided. On the other hand, the dynamic current component 
does not supply any charge/energy to the load and may be sup- 
plied by any low energy high power source, satisfying the dynamic 
requirement of the load. If the internal resistance of this source is 
lower than the battery internal resistance, the part of the losses, 
caused by the dynamic current component can be reduced. 


4. Energy storage hybridization 


In order to design hybrid energy storage, Ragone Plot [10] is usu- 
ally employed to classify the available energy sources according to 
their power/energy density. The Ragone Plot, presenting the mod- 
ern bidirectional energy sources and fuel cells is shown in Fig. 7 [11]. 
According to Fig. 7, high energy Li-ion batteries possess the high- 
est energy density of all the modern batteries (200-250 Whkg~!) 
and poor power density of 400-500 W kg~!. On the other hand, 
ultracapacitors possess an extremely high power density (around 
5000 W kg~') at the expense of a very low energy density (around 
5 Whkg-!). In addition, ultracapacitor internal resistance rc is 
much lower than the battery resistance rg (order of magnitude) and 
as aresult it possesses much higher charging/discharging efficiency 
[12,13]. Hence, the hybridization of high energy Li-ion batteries and 
ultracapacitors seems to be a natural way to form high performance 
energy storage. The desired operation of such hybrid is as follows: 
the battery should supply a nearly constant (average) load current, 
reducing the internal I?R losses and preventing terminal voltage 
dips while the ultracapacitor should match the battery to the load 
by supplying the dynamic current with zero average. 

The rest of the section presents passive, semi active and active 
Li-ion battery—ultracapacitor hybrids. In the passive configuration, 
the devices are connected in parallel with the load, and no power 
Management circuitry is involved. A single DC-DC converter is 


rB iz(t) 
D—> w- 

+ A ic@) J 
ONEZ rf 4 WO Qw 
= C= vc(t) = 
D- — D- 


Fig. 8. Passive hybrid topology. 


employed in semi active hybrid with three possible configurations. 
Three potential topologies are available as well in active hybrids, 
making use of two DC-DC converters. 


4.1. Passive hybrid 


The passive hybrid is by far the most common 
battery-ultracapacitor hybrid, studied by many researchers 
[14-40] and employed in commercial products [41-43]. In a pas- 
sive topology, the battery and ultracapacitor packs are connected 
in parallel with each other and the load, as shown in Fig. 8. The 
obvious advantages of this topology are the simplicity and the 
absence of power electronics and control circuitries, reducing the 
cost and volume and increasing reliability. The main disadvan- 
tage is the fact that the load current is distributed between the 
battery and the ultracapacitor in a nearly uncontrolled manner, 
determined only by the internal resistances. 

The simplified electrical equivalent of the system is shown in 
Fig. 8. The ultracapacitor is represented by the nominal capaci- 
tance C and the internal resistance rc. In the frequency domain, 
the spectra of the current flowing from the battery are given by 


bGo)| y,iay-0 = 4G) - Hcl), (15) 
where 
Heljo) = APEC = [Heljo] eeto 


~ 14joC(rg + rc 


7 1+ (wCrcy? elOcUio) (16) 
1 + (wC(rg + rc)}? 


Combining (9), (15) and (16), the battery current in time domain 
is 


; 27 

ig(t) = IL, AvE + Xien - COS (nt on) i (17) 
n 

where 
. 27 . 27 

Ign = lln: He (in) |. Pn = n+ Oc (in) 5 (18) 


According to (17), the average component of the load is sup- 
plied by the battery. In addition, part of the dynamic component 
of the load current is also supplied by the battery. However, since 
Tc/(tc +1) < |Hc(jo)| < 1, the magnitude of any battery current 
harmonic is lower than the magnitude of the corresponding load 
current harmonic, Ign <ln Yn> 1. As a result, the battery rms cur- 
rent is reduced and is given as 


T 
1 ‘ 1 
ĪBAT,RMS = f if(t)dt = im t3 X Rp 
0 n 


27N]? 
Hc (in) | : 


(19) 
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The ultracapacitor current is specified by the difference between 
the load and battery currents, 


ic(t) = i(t) — a(t) = Xen cos (nore on) (20) 
where 
a lin (1 7 Hc (m) ) (21) 


Note that sinceO < 1 — |Hc(io)| < (rg/(rc + rg)), the magnitude 
of any ultracapacitor current harmonic is lower than the magnitude 
of the corresponding load current harmonic, Icn <ln Vn>1. The 
rms current, supplied by the ultracapacitor is 


Ic Rms 


(22) 


The system losses can be therefore formulated using (19) and 
(22) as 


1 
Pross = Ptoss,pat + Ptoss,c = "el? aye + sin -TP,n, (23) 
n 
where 
2 2 
Tp.n = lH (n )| ere(1 Hc TESI i (24) 


Recalling that both |HcGo)| and 1 — |Hc(io)| are less than unity 
as well as rc «rg, it can be obtained from (24) that rpn <rg Vn>1. 
Comparing (24) and (12) reveals that the system losses are reduced 
as a result of hybridization. 

The solution of the equation system, derived from Fig. 8, 


ig + ic = i, 
ke vB — UL, 
Tp (25) 
, Vc — UL cic 
ic= = dt’ 
Te t 


combined with (1), leads to the subsequent expression of the bat- 
tery current in time domain [16,23], 


ig(t) = ip, min + (iL max — İL,MIN ) 


B aate] = 
>D L ae u(t — KT) 


k 
- į E Ee eorn] u(t — DT — KT) f (26) 
rg +Tc 
where wg = 1/((rg +rc)C). The maximum and minimum battery cur- 


rents are obtained from (26) by substituting t=(n+D)T and t=nT, 
respectively, and letting n — co as 


: i ; : z ePT 
ip, max = ir min + (ir max — inmin (1 — e~ 827) ——__ (27) 
eAT _ 4 
rp iett) ist) 


VBAT 


@ig(t) 


Qir miN 
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Fig. 9. Battery discharge curves for a passive hybrid connected to a pulsed current 
load. 


and 
ePT 
eT _ 1° 


ip, min = ir min + (ir max — ir mın (eP?7 — 1) (28) 

Note that TL AVE < İB MAX < İL MAX as well as TL AVE > İB MIN > İLMIN- 
Hence, during the high load demand, both the battery and the ultra- 
capacitor supply charge to the load. During the low load demand, 
the battery supplies both the load and the capacitor. In addition, 
battery current ripple reduces, and battery terminal voltage dips 
become lower than in the battery-only case, as shown in Fig. 9. 
Hence, the battery is more efficiently utilized. 

Increasing the capacitance will force the maximum and mini- 
mum values of the battery currents to become closer to each other. 
The theoretical limit is determined by 


lim ig max = lim ig mın = it,min + (İL, Max — İL,MIN ) ( - D) 
C00 C00 rge +c 
Tg>tc 
-> IL AVE: (29) 


Hence, the discharge curve of a passive hybrid converges 
towards the discharge at I; ayg curve as the capacitance is increased. 
As aresult, either more energy can be drawn from the same battery 
or a battery with lower rating can be utilized. 

A negative byproduct of capacitance increase by connecting 
capacitors in parallel is weight/volume/price increase. On the other 
hand, the internal resistance of the capacitor pack is decreased, and 
as a result the losses are decreased. If one of the negative conse- 
quences of capacitance increase cannot be tolerated, semi-active 
or fully active hybrid should be considered. In addition, there is 
a trade-off between the allowed load voltage ripple and capacitor 
utilization. Note that the dynamic charge, supplied/absorbed by the 
ultracapacitor is 


Qe. pyn = C: (Vc, Max — Yc,MIN); (30) 


where the voltages are given by the sum of the load and the capac- 
itor internal resistance voltages. The higher the voltage difference, 
the better the capacitor is utilized. On the other hand, high voltage 
difference may cause the violation of the load voltage requirements. 


YDCDGL 


Fig. 10. Parallel semi-active hybrid topology. 


A. Kuperman, I. Aharon / Renewable and Sustainable Energy Reviews 15 (2011) 981-992 987 


FB ig(t) 
> 


+ 


vgar(t) 


vis B NDCDC,UC 
rc Zo ich 
a. 
C = vð vuc(t) 
Ø- 


iL pyn(t) 


iz(t) 


Fig. 11. Capacitor semi-active hybrid topology. 


As will be shown next, active hybridization allows achieving both 
better capacitor utilization and excellent load voltage regulation. 


4.2. Semi-active hybrid 


In a semi-active hybrid, a DC-DC converter is employed in addi- 
tion to the battery and ultracapacitor banks [44-49]. There are 
three possible configurations: battery semi-active [50-57], capac- 
itor semi-active [58-74] and load semi-active [14,20,55,75-77]. 


4.2.1. Parallel semi-active hybrid 

In a load semi-active configuration, a DC-DC converter is 
inserted between the parallel branch of battery/ultracapacitor and 
the load, as shown in Fig. 10. This configuration is a direct enhance- 
ment of the passive hybrid topology. It relieves the sources from 
satisfying the voltage requirement of the load by maintaining the 
load voltage at its nominal value despite the variations of the 
battery/ultracapacitor passive hybrid voltage. It also allows a mis- 
match between the battery voltage (and hence the ultracapacitor 
voltage rating) and the load. However it does not change the fact 
that the battery supplies part of the dynamic current and the ultra- 
capacitor available charge is still limited, since its voltage cannot 
freely change and is determined by the battery terminal voltage. In 
addition, the DC-DC converter must be designed for the maximum 
load current and full load power. 

According to Fig. 10, 


vy = Ki(t)- vpar, 


F 1, 
ls = K,(t) . 
NDCDC,L 


(31) 


where is is the current supplied by the battery-ultracapacitor par- 
allel branch to the DC-DC converter input. Substituting (9) into 
(31), 


; TL AVE In 27 . 27 
is(t) = K,(t) - ——- + K,(t)- : cos (n t4 (in I: 
O nci >, T t+ on (ins 


(32) 


The battery supplies the DC component of is, as well as part of 
the dynamic current according to (17), 


. 27 
[He (in) 


The rest of is is drawn from the ultracapacitor according to (20), 


ex (1 {Fe (7F))) 
i -(1—]He [jn j 
NDCDC,L ae 


I 
fan = Kilt): ET 


(33) 


Ion = Kı (t). (34) 


The system losses may therefore be formulated by 


Kı(t 
Pross = Pross,sar + Pross,c = ( Lt) ) 
NDCDC,L 


1 
x {on + ae nah , 
n 


where rpn was introduced in (24). Obviously, for K,(t) > npcpc, the 
losses are aggravated, compared to the active battery source losses, 
given by (14). However, boost operation allows using a low voltage 
battery pack and a lower rating ultracapacitor, since the capacitor 
charge (30) will be boosted when reflected to the load. 


(35) 


4.2.2. Capacitor semi-active hybrid 

In the capacitor semi-active configuration, a DC-DC converter 
is placed between the capacitor and the load, as shown in Fig. 11. 
Such a topology allows controlling of the current, drawn from the 
capacitor, according to the decomposition shown in Fig. 2. 

In addition, as a result of decoupling between the ultracapac- 
itor and the battery voltage, the utilization of the ultracapacitor 
energy is improved. This topology is based on an active filtering 
configuration, where a shunt active filter, connected between the 
AC source an a nonlinear load, supplies the harmonic content of 
the load, leaving the grid to supply the power producing current 
component and operate at near unity power factor [78]. It is also 
useful in loads with large amount of regenerative braking energy, 
allowing capacitor charging to be independent of the load voltage. 

In such a configuration, the typical ultracapacitor voltage oper- 
ating range is between 50% and 100% of its rated voltage vycmax, 
allowing utilization of 75% of the overall energy, given by 

lao 
Eyc, Max = z Vuc, max: (36) 

In applications with non-regenerating loads, the capacitor nom- 
inal voltage vycnom is set near its rated voltage. In regenerative 
braking load systems, the capacitor voltage value is normally set 
to the voltage, dividing the available energy into two (often equal) 
parts, as shown in Fig. 12. This allows utilizing 37.5% of the available 
energy for sudden acceleration (consumed load power) or regen- 
erative braking (supplied load power). This voltage is 


or VUC,MAX 
UC,NOM = : 
V2 


(37) 


According to Fig. 11, if the DC-DC converter output current is 
controlled to follow the dynamic part of the load current iz pyn(t), 


988 


T VUC,MAX 


0.375Euc, Max 


=-=- VUC,NOM 


0.375 uc max 
==- O.5vuc Max 


Unused energy 


Fig. 12. Capacitor energy content. 


the battery current satisfies 


ig = it — i, .pyn = lL,AVE, (38) 

as desired. The ultracapacitor current is given by 

. iL DYN 

ic = Kuc(t) ——_., (39) 
"DCDC,UC 


where Kyc(t) and npcpcuc are the ultracapacitor converter voltage 
conversion ratio and efficiency, respectively. Therefore, using (9), 
(38) and (39), the system losses are formulated as 


"DCDC,UC 
(40) 


2 
1 I, 
Pross = Pross,pat + Pross,c = rel? ave H sic), (ror) i 
n 


The load voltage is equal to the battery terminal voltage. The 
ultracapacitor terminal voltage is 


_ VBAT 
Yuc = Kuc(t) ’ (41) 
hence in order to supply all the load dynamic charge QMAX while 


DYN 
keeping the capacitor terminal voltage within the limits, deter- 


mined in Fig. 12, the following must hold, 


AX 
Kuc(t) ( byw MAX re 
NDCDC,UC Cees 


(1 = =) VUC,MAX = (42) 


where DON = (1 — D)(it max —it,mn). There is a clear trade-off 
between the losses, capacitance and capacitor rating. The higher 
the capacitor voltage, the lower the capacitance value required to 
satisfy (42). In addition, the current flow is reduced, leading to 
decreased losses. 

The DC-DC converter, used in the topology, is still of a consid- 
erable rating and must be designed according to the peak current 


11. DCDC,BAT 


FB ig(t) 
=) DC 


vg(t) Vpar(t) 
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jMAx and rms current of 


L,DYN 
1 I i 

RMS __ 1 Ln 

IL DYN = 7 5 (rori 7 ) 


n 


(43) 


D(1 — Dit, max — it,min)- 


Note that the in the capacitor semi-active configuration, the 
load voltage possesses no ripple (since a nearly constant current 
is drawn from the battery) but is unregulated, decreasing as the 
battery is depleted according to the battery discharge curve at I; aye. 


4.2.3. Battery semi-active hybrid 

The battery semi-active hybrid topology is the last configura- 
tion, employing a single DC-DC converter. In this topology, the 
DC-DC converter is connected between the battery and the load, 
as shown in Fig. 13. The output current of the DC-DC converter is 
controlled to follow the average load current I; aye. 

The main advantage of such a topology is the ability to con- 
trol the battery current at a near constant value despite the load 
current variations, employing a DC-DC converter of a lower rat- 
ing, than in the capacitor semi-active topology. As stated before, 
this allows significant battery performance improving in lifetime, 
energy efficiency and operating temperature. In addition, volt- 
age matching between the battery and the load is no longer 
required. 

The batter terminal voltage and current are 


vL 


UBAT = > 44 

BAT = Ch) (44) 

and 

; I 

ip = Kpar(t) 1E, (45) 
NDCDC,BAT 


where Kpar(t) and npcpc par are the battery converter voltage con- 
version ratio and efficiency, respectively. The capacitor voltage is 
equal to the load voltage, and the capacitor current (in case the 
DC-DC converter output current is controlled to follow the average 


load current) is 
ic = ių — IL ave = İL,DYN- (46) 


The system losses can be therefore summarized as 


2 
TL AVE 1 
Pross = Pross,par + Pross,c = rg (ott gi sic) Je 


i(t) 


Fig. 13. Battery semi-active hybrid topology. 
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Fig. 14. Battery series active hybrid topology. 


The DC-DC converter rating is chosen according to the aver- 
age load current only and is much lower than in the capacitor 
semi-active hybrid. The main disadvantage of the topology 
is the variations of the load voltage during capacitor charg- 
ing/discharging. In addition, the capacitor voltage rating must be 
matched to the load voltage. The value of the capacitor must be 
chosen such that when the maximum charging/discharging energy 
is drawn from the capacitor, its voltage must remain between the 
permissible values of the load voltage. This can lead to a very large 
capacitance value, which must satisfy 


MAX 
„DYN 


«MAX 
VL,MAX — UVL,MIN > oe 


+ i pync- (48) 


If the capacitance value is unfeasible, an active hybrid should be 
considered. 


4.3. Active hybrid 


In active hybrids, two DC-DC converters are employed in addi- 
tion to the battery and ultracapacitor banks [44,72,75,79-100]. 
There are three possible active configurations: capacitor series 
active, battery series active and parallel active. The former two are 
improvements of the battery and capacitor semi-active topologies, 
while the latter combines both semi-active arrangements into an 
active one. 


4.3.1. Battery series active hybrid 

This topology is an enhancement of the battery semi-active 
hybrid, as shown in Fig. 14. It solves the disadvantages of ultra- 
capacitor voltage variations and matching by placing an additional 


DC-DC converter between the ultracapacitor and the load. How- 
ever, it comes at the price of an extra full rating DC-DC converter 
and the reduced efficiency, since there are two conversion stages 
between the battery and the load. 

According to Fig. 14, the battery and ultracapacitor voltages are 


UL 


YBAT = RCE) Koar0) aa 
and 

UL 
vuc = Kt)’ (50) 


respectively. The input current of the load converter may be 
expressed as 


is = K; (t). = Is ave + is, pyn- (51) 
NDCDC,L 
The battery converter supplies the average component, 
. TL AVE 
is ave = Ki(t)- , (52) 
NDCDC,L 
and the dynamic part is drawn from the capacitor, 
ae iL, DYN 
ic = is pyn = Ki (t)- . (53) 
"DCDC,L 
The battery current is obtained from (52) as 
f is AVE IL AVE 
1B = Kpar(t)- — aaE? = Kpar(t)- Kr(t)- So Ra ee Semen ea ere (54) 
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Fig. 15. Capacitor series active hybrid topology. 
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Fig. 16. Parallel active hybrid topology. 


The losses of the topology are given by 


2 
TL AVE 
DCDC,BAT ` NDCDC,L 


2 
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Since the capacitor is decoupled from the load, its value may be 
reduced to satisfy 


VL,MAX — VL,MIN > 


MAX 
Ki(t) ( Qi DYN q MAX ro (56) 
NDCDC,L C EDEN 


4.3.2. Capacitor series active hybrid 

This topology is an enhancement of the capacitor semi-active 
hybrid, as shown in Fig. 15. It solves the disadvantages of battery 
voltage reduction and matching by placing an additional DC-DC 
converter between the battery and the load. However, it again 
comes at the price of an extra full rating DC-DC converter and the 
reduced efficiency, since there are two conversion stages between 
the ultracapacitor and the load. According to Fig. 15, the battery 
and ultracapacitor voltages are 


VBAT = K® (57) 
and 
vuc = (58) 


~ Ki(6)- Kuc()’ 


respectively. The input current of the load converter may be again 
expressed as (51). The average component is drawn from the bat- 
tery, 


TL AVE 
; 
"DCDC,L 


ig = is ave = Ki(t)- (59) 


and the dynamic part is drawn from the ultracapacitor converter. 
Hence, the ultracapacitor current may be expressed as 


iL, DYN 
DCDC,UC ` NDCDC,L 


is DYN 
NDCDC, UC 


ic = Kuc(t)- = Kuc(t)- Kı(t)- (60) 


The losses of the topology are given by 
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Since the capacitor is decoupled from both the load and the 
battery, its value may be reduced to satisfy 


MAX 
( „DYN | -MAX 


Kuc(t) - Ki(t) at a) . (62) 


NDCDC,UC * NDCDC,L 
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4.3.3. Parallel active hybrid 

This topology is by far the optimal active hybrid. It solves the 
disadvantages of ultracapacitor voltage variations and matching by 
placing a DC-DC converter between the ultracapacitor and the load. 
It allows achieving a nearly constant current flow from the battery 
as well as voltage mismatch between the battery and the load by 
placing a DC-DC converter between the battery and the DC link. 
The topology, which combines the advantages of battery and ultra- 
capacitor semi-hybrids, is shown in Fig. 16. Although two DC-DC 
converters are employed by the configuration, none is a full rating 
converter. The battery converter is rated according to the average 
load demand and the ultracapacitor converter is rated according 
to the peak current IMAX y and rms dynamic load current, given by 
(46). 

According to Fig. 16, the battery and ultracapacitor voltages and 
currents are 


vL 


VBAT = 5 63 

BAT = kO (63) 

; I 

ip = Kpar(t)- 2" _, (64) 
"DCDC, BAT 

vue = Ric(t) a 

and 

Pane: es. (66) 
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respectively. The topology losses may be expressed as 


TL AVE 
Pross = Pross,pat + Pross,c = TB (ou reer e 


2 
1 ll,n 

+5r Kyc(t) ——— } . 
2 Xl ue i) 


The losses, expressed by (67) are the lowest among the three 
active hybrid configurations; hence the topology is the preferable 
energy efficient arrangement. 


(67) 


5. Conclusion 


A review of battery-ultracapacitor hybrids for pulsed current 
loads was presented in the manuscript. First, the characteristics 
of such a load were explained and the main requirements were 
pointed out. Then, drawbacks of battery-only supply were pre- 
sented and the desired performance was set. Hybridization of a 
high energy battery and a high power ultracapacitor was shown as 
a possible solution. Passive, semi-active and fully active hybrids 
were explained, while the semi and fully active sub-topologies 
were presented. The design methodologies for each type of hybrid 
were developed, and the trade-offs were explained. The passive 
hybrid is the most simple and cheap topology, compromising the 
performance. On the other hand, the fully active hybrid attains the 
best performance, compromising the cost and simplicity. The semi- 
active hybrid might be a good trade-off between the performance 
and the circuit complexity and price. 
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